Genetic variation at the catechol-O-methyltransferase (COMT) gene has been significantly associated with risk for various neuropsychiatric conditions such as schizophrenia, panic disorder, bipolar disorders, anorexia nervosa and others. It has also been associated with nicotine dependence, sensitivity to pain and cognitive dysfunctions especially in schizophrenia. The non-synonymous single nucleotide polymorphism (SNP) in exon 4-Val108/ 158Met-is the most studied SNP at COMT and is the basis for most associations. It is not, however, the only variation in the gene; several haplotypes exist across the gene. Some studies indicate that the haplotypic combinations of alleles at the Val108/158Met SNP with those in the promoter region and in the 3 0 -untranslated region are responsible for the associations with disorders and not the non-synonymous SNP by itself. We have now studied DNA samples from 45 populations for 63 SNPs in a region of 172 kb across the region of 22q11.2 encompassing the COMT gene. We focused on 28 SNPs spanning the COMT-coding region and immediately flanking DNA, and found that the haplotypes are from diverse evolutionary lineages that could harbor as yet undetected variants with functional consequences. Future association studies should be based on SNPs that define the common haplotypes in the population(s) being studied.
Introduction
The catechol-O-methyltransferase (COMT) gene (MIM 116790) warrants study for several reasons: (1) the enzyme is very important in degradation of catecholamines (for example, dopamine) and hence in neural functioning, (2) polymorphisms within the gene and in the upstream and downstream regions of the gene have been associated with a variety of neuropsychiatric phenotypes [1] [2] [3] [4] [5] and (3) some of those polymorphisms produce functionally different forms of the enzyme. 6, 7 COMT exists in two different isoforms. The soluble isoform (S-COMT) has 221 amino-acid residues; its translation begins at exon 3 and is regulated by the P1 promoter located in intron 2 (reference Tenhunen et al. 8 ). The membrane-bound isoform (MB-COMT) has an additional 50 amino-acid residues encoding a transmembrane domain at the N-terminal end of the protein. The MB-COMT is regulated by the P2 promoter located at the 5 0 end of the gene. 8 It was shown about 30 years ago that RBC COMT activity varies among siblings and other first-degree relatives showing autosomal recessive inheritance. 9 This variation was later identified as due to a single nucleotide change that results in an amino-acid change from valine to methionine at codon 158 for MB-COMT and codon 108 for S-COMT (Val108/158Met). 10 The Val108/158Met difference affects the thermostability and the activity of both forms of the enzyme 11, 12 and has been the most frequently studied polymorphism in COMT.
Palmatier et al. 13 detailed the inconsistency among results of various association studies with the Val108/ 158Met single nucleotide polymorphism (SNP) in multiple populations. Association of this SNP to different neuropsychiatric disorders continues to be debatable. 1, 4, 5, [14] [15] [16] [17] [18] [19] We have shown in our earlier studies that the non-synonymous SNP and other SNPs in the gene vary in frequencies among populations. 13, 20, 21 In addition to the catalogued neuropsychiatric disorders, genetic variation in COMT has also been studied with respect to pain sensitivity and breast cancer. 22, 23 To establish a more detailed molecular and evolutionary profile of the COMT gene we have extended our previous studies to a total of 63 SNPs across a 172 kb region in 45 populations (N = 2335) that represent most of the geographic regions of the world. In this paper we focus on the 51.7 kb region extending from B12 kb upstream of the P2 promoter to B10 kb downstream of COMT covered by 28 SNPs with an average spacing of less than 2 kb and a maximum interval of 5.4 kb. Our studies resolve the complexity of the haplotypes across the region into subregions that have simpler patterns of haplotypes wherein each haplotype represents a largely distinct evolutionary lineage throughout the recent dispersal and diversification of modern humans. Diverse combinations of those distinct lineages occur in various populations around the world.
Materials and methods

Populations and DNA samples
We have studied the same 38 population samples that were used by Palmatier et al. 20 plus samples from seven additional populations. The additional populations are African Masai and Sandawe of Tanzania, European Archangel'sk Russians and Hungarians, the East Asian Laotians and Koreans, and the South American Quechua from Peru. The 45 populations are from nine major geographical regions-Africa, Southwest (SW) Asia, Europe, Northwest (NW) Asia, Eastern Siberia, East Asia, Pacific Islands, North America and South America. Sample sizes ranged from 44 chromosomes (Masai) to 238 chromosomes (Laotians) with an average of just over 108 chromosomes per population. All populations and sample sizes are given in Supplementary Table S1 by geographic region. DNA was purified from lymphoblastoid cell lines. Samples were collected with informed consent of all the participants.
Markers typed
The 63 SNPs and their relative sequence positions from genome build 36.2 are given in Supplementary  Table S2 . The SNPs were typed by various methods that include PCR-restriction fragment length polymorphism assay, TaqMan assay and the Illumina platform. For more detailed analyses we have focused on the region immediately encompassing COMT because of its possible relevance in various disorders based on association studies. The 28 SNPs on which the current analysis is focused are given in Table 1 . For simplicity we will refer to SNPs by number 1-28 in column 1 in this table.
Ancestral alleles
We determined ancestral states of 62 SNPs (one could not be determined) either directly from genotype data on our nonhuman primate samples or by comparing human sequence with the consensus sequences available at GenBank for chimpanzee or other primates. For most of the SNPs, we typed three individuals from each of five species: bonobo, chimpanzee, gorilla, orangutan and gibbon. The ancestral alleles of the SNPs based on our data are given in Table 1 and Supplementary Table S2 . We inferred the ancestral states of all those SNPs that could not be typed by our typing methods from the chimpanzee consensus sequence. In cases with gaps in the chimpanzee sequence at the SNP position, the sequence was compared with both rhesus and orangutan sequences.
Statistical methods
Allele frequencies of the SNPs were calculated by gene counting assuming codominant inheritance. All the sites were also tested for Hardy-Weinberg (H-W) ratios by w 2 -test using the program FENGEN 24 or by a permutation-based exact test using HWSIM 25 when small observed numbers make the w 2 approximation inappropriate. In general 1000 permutations were carried out, but when the P-value deviated significantly at the 1% level, 10 000 permutations were done. Expected heterozygosities were estimated as 1À P
The expectation maximization (EM) algorithm implemented in HAPLO 26 was used to obtain maximum likelihood estimates of haplotype frequencies. The EM algorithm and various alternative methods of haplotype inference based on coalescent and Bayesian theories typically give essentially identical frequency estimates for the haplotypes occurring at common frequencies in a population but can differ for rare haplotypes. 27 The small differences arise because the methods implemented in PHASE 28, 29 and similar programs assign genotypes to individuals and thus haplotype frequencies are restricted to units of 1/(2N). Ambiguous situations are 'resolved' by PHASE to a specific genotype in those instances whereas the EM algorithm maintains the ambiguity as a probability altering the haplotype frequency estimate. We confirmed identity of haplotype frequency estimates for our data except for rare haplotypes ( < 5%) using HAPLO 26 and fastPHASE, 29 and report only the maximum likelihood estimates from HAPLO. Pairwise linkage disequilibrium (LD) was estimated as r 2 (reference Devlin and Risch
30
) and D 0 (reference Lewontin 31 ) with significance levels determined by a permutation test. 32 The significance level for each pairwise measure of LD in each population was determined by comparing the maximum likelihood value from HAPLO for haplotype frequencies based on randomly permuting the genotypes at the two markers independently among the individuals in the population 1000 times. Observed likelihoods greater than any of the 1000 permutation values are assigned a significance value of < 0.001.
Comparative plots of regions of high LD were done using HAPLOT. 33 The default values for the agglomerative algorithm in HAPLOT were used. Markers are grouped starting with adjacent pairs with r 34 to test all 63 SNPs for signs of selection using the P2 promoter SNP (SNP 6) and the non-synonymous SNP in exon 4 (SNP 20) in the core haplotypes for all the 45 populations. The unpublished utility P-select (Sheng Gu) was used to implement the LRH analyses.
Results
The data in this study extend our previous studies 20, 21 with the addition of 21 SNPs and 7 populations for a total of 28 SNPs in 45 populations extending from B12 kb upstream of the P2 promoter to B10 kb downstream of the gene (details of 35 additional SNPs in all 45 populations are reported (Supplementary Table S2 ) here but not further analyzed). Of the 28 SNPs typed, two involved the promoter regions: SNP 6 (rs2075507 previously rs2097603, the HindIII polymorphism) in the P2 promoter, and SNP 16 (rs6269) in the P1 promoter. Five coding SNPs were typed including the most studied exon 4 nonsynonymous SNP.
Allele frequencies
The allele frequencies for 63 SNPs across the 172 kb region for 45 populations are available in ALFRED (http://alfred.med.yale.edu) and are retrievable using the rs numbers in Supplementary Table S2 . As expected, allele frequencies varied among the populations. Of 2835 H-W tests (63 SNPs times 45 populations) performed, 147 tests deviated significantly at the nominal 5% level compared to 142 expected by chance for independent tests whereas 28 tests deviated significantly at the nominal 1% level, exactly what is expected for 2835 independent tests. However, the 63 markers are not independent of each other. We note 18 regions within the 172 kb studied that frequently have high LD and so consider a P-value of 0.00006 (0.05/810; due to 18 Â 45 = 810 'fully independent' tests) to be a conservative Bonferroni correction. By this criterion, none of the tests significantly deviates from H-W. This is consistent with the pattern of the 28 nominally significant tests scattered among the populations and SNPs. Thus, we conclude that none of the population samples is significantly stratified and that none of the SNP assays gives a significant systematic typing error.
Ancestral alleles
Of the 28 SNPs, 16 SNPs gave results for at least some of the nonhuman apes. The genotypes for the apes are given in Supplementary Table S3 . For SNP 21, rs769224 (A/G), frequency of the 'G' allele is high in all the populations. Both chimpanzee and bonobo samples were homozygous for the 'A' allele, whereas the gorilla, gibbon and orangutan samples were homozygous for the 'G' allele. This fixed difference between gorilla and the two chimpanzee species presents a more complex inference problem. As we cannot be certain of the order of mutation for the polymorphism, we have examined LD with the immediately flanking SNPs. Both have high frequencies for the ancestral allele in Africa and are nearly completely associated with the 'G' allele at SNP 21. It therefore seems probable that 'G' is the ancestral allele in humans. We note that a fraction of the human genome is more similar to gorilla than to chimpanzee. 35 For one SNP (rs885987; SNP 12 in Supplementary Table S2) , our nonhuman primate samples did not give any result. The nucleotide at the same position is a 'C' in the nonhuman primate consensus sequences instead of the 'A' or 'G' polymorphism in humans. No chimpanzee sequence data exist for the immediate SNP 22 (rs174699) region and the ancestral state was based on consensus sequences for rhesus and orangutan. We were able to genotype this SNP on all our nonhuman primate samples including the chimpanzee samples giving the same allelic state as in rhesus and orangutan consensus suggesting that absence of chimpanzee sequence is a gap in the consensus sequence, not a deletion in the species. For the remainder of the 28 SNPs, the ancestral allele is based on the chimpanzee consensus sequence (Table 1) .
Heterozygosities
Average heterozygosities and other population characteristics of the 28 SNPs are given in Table 1 . Except for two synonymous coding SNPs (SNP 18, rs740602 and SNP 21, rs769224), all the other SNPs showed an average heterozygosity above 0.24, 13 of these were above 0.4. However, not reflected in heterozygosity is a wide range of variation in frequency of the ancestral allele, both within and among sites across the populations. The largest range for ancestral allele frequency across the populations is 0.027-0.887 and the smallest range is 0.711-1.0. F st values for nine SNPs are above 0.14, the average F st value estimated for 369 SNPs.
36 SNP 22 has the highest F st value, 0.31, and three SNPs (SNP 25, 26 and 27) at the 3 0 end also have high F st values (0.22-0.28).
Linkage disequilibrium patterns
The HAPLOT 33 patterns of LD for all the 63 SNPs are complex, varying across the region and among populations (data not shown). The patterns of LD with 28 SNPs are shown in Figure 1 . As seen at many other loci, 37 ,38 the patterns of LD at COMT varied among populations studied (Figure 1 ; somewhat different patterns exist using D 0 as shown in Supplementary Figure S1 ). In most populations high levels of LD exist in both the 5 0 and the 3 0 regions, but not in the coding region. An interesting feature is that a region of high LD (r 2 > 0. Table S4 illustrates the complexity of pairwise r 2 and D 0 values for the 14 SNPs across the upstream 'half' of COMT for nine specific populations, one from each geographic region.
Haplotype frequencies and heterozygosities
Estimating the haplotypes across the gene using all 28 SNPs shows an extremely complex pattern with many haplotypes, none of which is very frequent (data not shown). Therefore, we have used HAPLOT to identify subregions of adjacent SNPs to analyze and represent graphically. Using both r 2 ( Figure 1 ) and D 0 (Supplementary Figure S1 ) the regions that are most consistent among populations for high LD and reduced haplotype diversity are SNPs 3-6 (7.73 kb), 7-11 (8.65 kb), 12-16 (6.95 kb), 17-20 (1.03 kb) and 24-28 (10.28 kb). Haplotype heterozygosities were compared between haplotypes with all 28 SNPs and haplotypes for these shorter regions. A graphical representation of the haplotype heterozygosities is shown in Figure 2 .
Haplotype frequencies for the subsets of SNPs are in ALFRED. Figure 3 is a summary of haplotype frequencies for each subregion representing the geographical averages for populations of four major geographical regions (Africa, Europe, East Asia and America).
Haplotypes for the first of these regions (SNPs 3-6, 7.73 kb) include the P2 promoter SNP and three upstream SNPs and show relatively low levels of haplotype diversity (2-5 haplotypes; Figure 3 ; Supplementary Figure S2a ). Two major haplotypes (one completely ancestral, GGCT and the other totally derived, CAAC) constitute more than 80% of the chromosomes in all populations of non-African ancestry. In the populations of African ancestry, two additional common ( > 5%) haplotypes are required to account for at least 80% of the chromosomes. No simple scheme of haplotype evolution can explain the common extant haplotypes. Ancestral recombination must be involved (recurrent mutations would be far . Haplotype heterozygosities with all 28 single nucleotide polymorphisms (SNPs) (total) have been compared to haplotypes with fewer SNPs (s3-6; s7-11; s12-16; s17-20; s24-28). The numbers indicate the SNPs used to estimate haplotypes based on the order in Table 1 . (Figure 3; Supplementary Figure S2b) . The ancestral haplotype is found at low frequencies in eight of ten populations of African ancestry and occasionally elsewhere. Four major haplotypes constitute more than 90% of chromosomes in 38 of the 45 populations. Globally seven common haplotypes occur at > 5% in at least one population. In contrast to the immediately upstream region, these seven common haplotypes seem to result from single-step mutation events; no common obviously recombinant haplotype exists. Although LD (as measured by r 2 and D 0 ) is low ( Figure 1; Supplementary Figure S1 ) between SNPs 8 and 9, there is no evidence of recombination.
Haplotypes across SNPs 12-16 (6.95 kb, extending from intron 1 through the P1 promoter) show relatively higher levels of haplotype diversity in all the populations of African, SW Asian and European ancestries than in populations of East Asian, Pacific and Native American ancestries. The ancestral haplotype is found in nine of the ten African populations and exists in only two other populations in very low frequencies. Two haplotypes (AATTA and AATCA), both frequent globally, are most likely formed by recombination events between SNPs 13 and 14 ( Figure 3; Supplementary Figure S2c) . These two haplotypes constitute more than 50% of the chromosomes among the populations of East Asian, Pacific and American ancestries. Figure 1 shows the breakdown of LD between SNPs 13 and 14. A complex repetitive region with length variation is present between these two SNPs, 20 which might be a likely region for frequent recombination.
The coding region common to both the MB-and S-forms of COMT shows low levels of LD except in the Eurasian populations. The four coding region SNPs (SNP17-20, spanning only B1 kb), form five haplotypes but only three of those are common in the populations of non-African ancestry (Supplementary Figure S2d) . The ancestral haplotype (CGGG) is not seen in a few populations but common (20-50%) Patterns of obligate recombination Haplotypes were estimated for adjacent SNP pairs by HAPLO, using SNPs 5-28, omitting individuals when a typing result was missing for one or both sites. Most pairs showed presence of all four haplotypes, indicating obligate ancestral crossovers. However, for several SNP pairs (7 and 8, 8 and 9, 14 and 15, 15 and 16, 18 and 19, 21 and 22, 24 and 25, 25 and 26, 26 and 27) the fourth haplotype is seen in very few populations and at low frequencies ( < 5%). The fourth haplotype with sites 5 and 6 is only seen in a few populations and only outside Africa, suggesting that a recombination event might have occurred after humans migrated out of Africa. However, the fourth haplotype may exist in Africa but was not observed in our African samples.
Test for selection (EHH and REHH)
As seen in Supplementary Figures S2a and d , the European populations have particular haplotypes in high frequency both at the P2 promoter and at the coding region. Also, LD levels are higher at both these regions among the Europeans than the other populations. Therefore, it seemed appropriate to test the European populations for presence of extended haplotypes for one or both of these cores.
We used the LRH test 34 for selection with all 63 SNPs in all the populations. The basis of this test is that when any SNP is under positive selection, it increases in frequency more rapidly than expected by random genetic drift. Other SNPs adjacent to the selected SNP also increase in frequency as a hitchhiking effect that would not be expected were the increase to have occurred over many generations. Thus, geographic-specific haplotypes can exist at frequencies higher than elsewhere when selection is geographically specific. On the basis of evidence that the P2 promoter SNP and the exon 4 non-synonymous SNP are probably functional, 12 we used one core haplotype centered on the P2 promoter SNP and another core haplotype centered on the exon 4 nonsynonymous SNP.
The core haplotype with the exon 4 non-synonymous SNP did not show an extended haplotype. The core haplotype using the P2 promoter SNP and three SNPs upstream to it showed extended haplotypes (EHH) up to 40 kb (beyond the coding region of the gene) in several populations but more consistently in the European populations. However, the relative EHH (REHH) 34 value was found to be more than 4 only in three of the European populations (Hungarians, Irish and European Americans). Figures 4a and b show the EHH and REHH profiles for the European populations. Some populations from the other parts of the world showed extended haplotypes but REHH values were low (data not shown).
Discussion
This is the first study of COMT with a large number of SNPs on multiple populations from around the world. We have previously shown, using fewer markers and populations, that the frequencies of haplotypes at COMT vary widely among populations. 13, 20, 21 The much greater number of markers now allows a more refined picture of this variation. We report several interesting features across the gene with respect to frequencies of alleles, LD pattern and haplotype heterozygosity.
The derived allele frequencies for 12 out of 28 SNPs are high in at least half of the population samples. We have confirmed that for one SNP (SNP 21), rs769224, the allelic states differ in chimpanzee and gorilla. We infer from haplotype evidence that the gorilla allele is the ancestral allele for humans consistent with the theory that a fraction of the human genome being more similar to gorilla than to chimpanzee. 35 Considerable complexity in haplotypes and LD patterns exists across the COMT gene and those complex patterns vary among populations around the world. However, it is possible to subdivide the region into segments that individually show much simpler patterns involving only a few haplotypes that vary in frequency among populations. Most regions of the gene show the quite standard geographic pattern of decreasing heterozygosity with increasing distance from Africa. Most individual regions show no or little evidence of frequent recombination though some common haplotypes are most parsimoniously explained as having arisen by an early historical crossover subsequently transmitted as a single evolutionary lineage maintaining identity by descent for virtually all extant copies.
There are clear implications for this pattern of evolutionary lineage for subregions but not the gene as a whole: testing markers in one region of the gene will convey little information on evolutionary lineages in other regions of the gene. The upstream and downstream regions of the gene show high LD for all the populations. However, the coding region of the gene shows high levels of LD for the Europeans and Native Americans only but no LD for the East Asians (despite the fact that almost all the SNPs are highly heterozygous) and low LD for the Africans. Although there are two SNPs with documented/probable functional consequences, each separate lineage that has been distinct for most of modern human evolution (and certainly in the 'out-of-Africa' populations) may harbor cryptic functional variation not yet identified.
Because the P2 promoter region shows a reasonable amount of LD in all the populations and this and the exon 4 non-synonymous SNP are probably functional, 12 we have tested for positive selection on this region. Our test for positive selection with the exon 4 non-synonymous SNP did not show any evidence of selection. However, the core haplotype with the P2 promoter SNP showed an extended haplotype in European populations. In spite of a similar pattern of EHH in European populations, the REHH pattern varied considerably among these populations. Most other populations did not show evidence of an extended haplotype. EHH extending to about 100 kb or more is considered a definite signature of positive selection acting on the locus, 34, 39 but in this study the EHH that is seen does not extend that far. Thus, whether the observed EHH in the European populations is the effect of random genetic drift or represents some amount of positive selection acting on this region is not clear. REHH values are neither high nor consistent among populations even in the same geographic region. Parsimony argues that one cannot conclude the evidence is significant for positive selection on the P2 promoter region in Europe or anywhere else.
Haplotypes with different combinations of SNPs across the gene, usually involving the exon 4 non-synonymous SNP Val108/158Met, have been associated with various neuropsychiatric disorders. 1, 3, 4, 5, [14] [15] [16] [17] It has become clear that both alleles at Val108/158Met exist on chromosomes with each of the two alleles in the P2 promoter. However, there has been no comprehensive analysis of the LD pattern of this region except for initial reports from our laboratory. 20, 21 Our data argue that the relationship could be even more complex. As seen clearly in Supplementary Figure S2 , one cannot even assume that all European populations are the same. These data now provide a common reference data set of genetic variation and haplotypes across the gene and around the world. These data can be used to determine the degree to which different studies using fewer markers are studying the same or different haplotypic lineages. Such understanding will be essential to resolving the inconsistencies in studies based on different combinations of SNPs in different populations.
